The Galapagos Sailfin grouper, Mycteroperca olfax, locally known as bacalao and listed as vulnerable by IUCN, is culturally, economically, and ecologically important to the Galapagos archipelago and its people. It is regionally endemic to the Eastern Tropical Pacific, and, while an important fishery resource that has shown substantial declines in recent years, to date no effective management regulations are in place to ensure the sustainability of its Galapagos fishery. Previous estimates of longevity and size of maturity for bacalao are inconsistent with estimates for congeners, which questions the accuracy of prior estimates. We set out to rigorously assess the age, growth, and reproductive biology of bacalao in order to provide more accurate life history information to inform more effective fisheries management for this species. The oldest fish in our sample was 24 years old, which is 2-3 times greater than previously reported estimates of longevity. Parameter estimates for the von Bertalanffy growth function (k= 0.07, L ∞ = 119.1 cm TL, and t o = -2.33 years) show bacalao to grow much slower and obtain substantially larger asymptotic maximum length than previous studies. Mean size at maturity (as female) was estimated at 61.1 cm TL, corresponding to an age of 7.8 years. As a protogynous hermaphrodite, size at sex change (from adult female to adult male) occurred at 83.7 cm TL, corresponding to 15.2 years of age. We found that sex ratios were extremely female biased (0.015 M:1F), with a large majority of the individuals in our experimental catch being immature (73%).
141 Samples were assigned to reproductive stages following key milestones in the reproductive 142 cycle previously proposed by (Brown-Peterson et al., 2011) (Error! Reference source not 143 found.).
Data analysis
145 Age and growth 146 The proportion of otolith samples with clear (translucent) margins was calculated for each 147 month and this edge analysis used to deduce the timing and periodicity of yearly increment 148 formation. The relationship between the formation of the clear otolith bands and water 149 temperature was explored by scaling each variable between 0 and 1, and plotting them 150 against one another following the methods outlined by (Newman & Dunk, 2003) . Monthly 151 temperature was recorded on Santa Cruz Island using in situ data loggers (Hobo pendant™) 152 set to record at hourly intervals.
153 Ageing consisted of assigning each fish a count of annual growth increments that 154 comprised a ring of alternating clear and opaque sections. These were counted with no 155 reference to time of collection or fish length. Each otolith was read three times to compare 156 counts, if they differed, the otolith section was re-read and the previous counts re-assessed. 157 If no consensus was reached among counts, or if the otolith appeared irregular, or had 158 poorly defined growth increments, the otolith was discarded from all further analyses.
159 Growth was modelled using the von Bertalanffy growth function (Bertalanffy, 1938) :
161 Where L t is the expected length at time t , L ∞ is the asymptotic maximum length, k is the 162 Brody growth rate coefficient, and t 0 is the theoretical age at which length is 0. Starting 163 parameters for the model were determined using a Ford-Walford plot (Ford, 1933; Walford, 164 1946) . Confidence intervals for the model parameters were estimated via bootstrapping 165 with 1000 iterations. The previous analyses were done using the R package FSA (Ogle, 166 2015) 167 Length-weight relationship for bacalao was obtained by fitting the power function W= aL b 168 to weight and length data where: W is the total wet weight, L total length, and a and b are 169 constants determined empirically.
170 Reproduction 171 The adult sex ratio was calculated using all sexually mature females and males. A chi square 172 test was used to assess whether sex ratios differed significantly from 1:1. Mean size at 173 sexual maturity (L 50 ) was calculated by fitting a logistic model to the proportion of mature 174 fish binned in 5 cm size classes. The logistic model follows the formula: log (p/1-p)=a+TL, 175 where p is the probability of being mature, TL is total length, and a is a fitting constant. 210 of 60.1 (±13.1 sd) cm. There were only three males in our samples ( Fig. 7d ), ranging in size 211 from 81 to 100 cm TL.
212 Size at which 50% of the population reached sexual maturity (L 50 ) was estimated from the 213 logistic regression model as 61.1 cm TL (58.3-65.1 95% CI), while age at maturity was 7.8 214 years (7.1-8.6 95% CI, Fig.8 ). The empirical equation proposed by (Froese, 2000) estimated 215 size at maturity for females as 70.7 cm TL (53.4 -93.6 se). Size at sex change was estimated 216 as 83.7 cm TL, corresponding to an age of 15.2 years ( Fig. 9) , because of the low number of 217 males seen in the study it was not possible to calculate confidence intervals around these 218 values.
219 Discussion 220 Our estimates of maximum age of bacalao (24 years) were two to three times higher than 221 those previously reported. The large proportion of immature individuals in our samples, as 222 well as the low number of larger individuals, and highly biased sex ratio suggests that the 223 resource has undergone, and is probably still experiencing, severe overfishing. We have 224 provided more accurate estimates of size-at-age, growth, and size and age at sex change of 225 bacalao, and these estimates should need to be urgently incorporated into management 226 plans for this species. . Our 232 maximum recorded age of 24 years is closer to what would be expected of a mycteropercid 233 grouper, and while our biggest fish was only 100 cm TL, bacalao is reported to reach 120 234 cm TL (Walford, 1937) , suggesting that it is likely that longevity for this species be closer to 235 30 years. Differences in age between our study and previous works very likely stem from 236 difficulties in reading bacalao otoliths. Rodriguez (1984) reported that 90% of the otoliths 237 collected were considered unreadable due to the presence of a large number of false rings, 238 or the lack of rings that he attributed to demineralization. Similarly, Gagern (2009) 239 reported finding a large number of rings that he presumed were formed on a monthly basis. 240 It was clear in the present study that bacalao otoliths are not necessarily easy, but we 241 found that cross-sections can be read more easily using a dissecting microscope with 242 reflected light against a dark background than with transmitted light and a compound 243 microscope. Both Rodriguez and Gagern employed transmitted light and a compound 244 microscope for their readings. The results of our edge analysis validation clearly show that 245 the rings that we counted were structures that formed once yearly.
246 Estimation of age and growth in marine teleosts is useful for a variety of purposes such as 247 estimating mortality (Pauly, 1980), predicting responses to exploitation (Jennings, 248 Reynolds & Mills, 1998; Jennings, Kaiser & Reynolds, 2009), and developing fisheries 249 sustainability (Frisk, Miller & Dulvy, 2005) . However, inaccurate estimates of these key 250 parameters can result in models that do not accurately represent exploitation of the 251 species. For instance, in the case of the orange roughy (Hoplostethus atlanticus), initial 252 estimates of longevity were 24 years, while later validated estimates were nearly 100 years 253 (Andrews, Tracey & Dunn, 2009), resulting in dramatically different estimates of natural 254 mortality and exploitation rates (Tracey & Horn, 1999) .
255 Our Brody growth rate coefficient estimate of 0.07 was less than half of that reported 256 previously (k=0.18) by Rodriguez (1984) . Our corresponding estimate of longevity was 24 257 rather than 9-11 years, which is consistent with other large, long lived species (Jennings, 258 Kaiser & Reynolds, 2009 ). We also estimated L ∞ to be 28% larger. Overestimating growth 259 rates results in greater risk of over-exploitation because models will assume a faster 260 recovery from exploitation than is actually occurring.
Reproduction
262 Previous studies of the reproductive biology of bacalao have produced contrasting results 263 in key life history parameters. While both Rodriguez (1984) , and Coello and Grimm (1993) 264 found evidence for protogyny in bacalao and identified peak spawning between the months 265 of September and November. Size at maturity yielded different estimates of 47.5 cm TL 266 (Coello, 1989) and as 63 cm TL (Rodriguez, 1984) . Fishbase (www.fishbase.org), on the 267 other hand, reports size at maturity as 67 cm, citing Heemstra and Randall (1993) as the 268 source. However, we did not find any reference to size at maturity for bacalao in the latter 269 paper. Both Rodriguez and Coello staged gonads based solely on gross (macroscopic) 270 morphology, which is known to produce inaccurate estimates of reproductive size (West, 271 1990 ) and even of sexual identity in protogynous groupers (DeMartini, Everson & Nichols, 272 2011). (Reck, 1983; Nicolaides et al., 2002; Schiller et al., 2014) . Declines in the 284 bacalao catch might also reflect a diversification of the fisheries and a shift to pelagics such 285 as tuna and wahoo (Schiller et al., 2014) . This may particularly be a preference for these 286 species by the local tourist industry and export market, but might also reflect a decline in 287 nearshore fish stocks.
288 Fishery effects on bacalao quite likely also include impacts on adult sex ratio and size-at-289 sex change. The highly skewed sex ratio we observed (0.015) is consistent with those 290 reported previously (0.021: Coello & Grimm, 1993; 0.017: Reck, 1983 ), suggesting that 291 adult sex ratio had likely been altered by fishing down of the larger bacalao prior to the 292 1980s, specially by targeting spawning aggregations (Salinas-de-León, Rastoin & Acuña-293 Marrero, 2015). Although there has not been a decline in catch rates in the bacalao fishery 294 over time (Nicolaides et al., 2002) , this might represent expansion of the fishery to new 295 unfished areas. In the 1980s fishers reported that larger fish were caught mostly on "far" 296 offshore banks such as Banco San Luis, which is located only 30 km from the main fishing 297 port on Santa Cruz Island (Reck, 1983) . In contrast, the largest fish in our study, as well as 2 298 of the 3 males we collected, were caught at Wolf Island, located in the far north bio-region 299 of the GMR, nearly 300 km north of Santa Cruz Island.
300 Size-selective fishing mortality typically results in the differential loss of larger and older 301 males in protogynous groupers (Sadovy, 1996) . Major implications of severely skewed sex 302 ratios include reduction in the probability that females will survive to sex change 303 (Armsworth, 2001) , loss of productivity due to sperm limitation (Bannerot et al., 1987; 304 Koenig et al., 1996) , and ultimately reproductive failure as males become too rare to 305 effectively mate with females (Allee effect) ( , 2006) . This is especially relevant in an area such as the Galapagos where 311 there are no management regulations specific to bacalao (e.g. allowable catch, size limits, 312 fishing seasons). Conservative management approaches, especially for hermaphrodites, 313 should include a mix of control over catch and fishing effort and realized no-take spatial 314 closures (Heppell et al., 2006) . Currently, the only protection for bacalao occurs in no-315 fishing zones which are yet to show positive evidence of protection ((Usseglio et al., In 316 review). The results from this paper provide needed inputs for fisheries models in order to 317 determine adequate levels of catch and fishing effort that are desperately needed to ensure 318 the long term sustainability of the bacalao fishery and reduce current levels of discards and 319 bycatch associated with it (Zimmerhackel et al., 2015) . Creating management regulations, 320 however, is often easier than implementing them. This is especially true in developing 321 countries (McClanahan, Maina & Davies, 2005; King, 2013), where using collaborative 322 approaches is necessary to ensure compliance to management regulations (Yochum, Starr 323 & Wendt, 2011; Usseglio, Schuhbauer & Friedlander, 2014) . By working with the local 324 fishing community to develop more accurate estimates of age, growth, and reproduction of 325 bacalao, our results are more credible to them, and therefore more likely to be accepted in 326 any future management decisions.
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A Enlarging ovaries, blood vessels becoming more distinct. Primary growth, cortical alveolar, vitellogenic stages 1 or 2. No evidence of vitellogenic stage 3 or postovulatory follicles.
Mature

Spawning capable
Large ovaries, blood vessels prominent, Vitellogenic stage 3 oocytes and postovulatory follicles present. Early stage maturation oocytes might be present. Atresia or early vitellogenic oocytes might be present.
Mature
Regressing Atresia at any stage, postovulatory follicles present. Blood vessels prominent. Some cortical alveolar and or vitellogenic oocytes stages 1 or 2 present.
Regenerating Small ovaries, blood vessels reduced but present. Only oogonia and primary growth oocytes present. Muscle bundles, enlarged blood vessels, thick ovarian wall, atresia, old degenerating postovulatory follicles, may be present.
Mature
